ABSTRACT The initial susceptibility, or low-field highfrequency permeability, of a rod-like particle suspension or polymer solution can become anisotropic when the particles or molecules interact with a magnetic field in a directional manner and are nonrandomly oriented by certain types of flow field. This is the alignment that leads to thixotropy and deviatoric stresses during rheological measurements on these fluids. A general expression for the particle order parameter and the fluid permeability in terms of Legendre polynomials is derived by calculating the ensemble average over all possible orientation angles. This is an integral containing the orientation angle-dependent single-particle susceptibility weighted by a flowfield-dependent orientation probability function. The example case of single-domain magnetic particles suspended in extensional flow of a newtonian fluid is examined by using the following well-known models: chain-of-spheres model for the magnetic properties of a particle and the Kirkwood-Auer theory for the orientation probability function. From this, the particle orientation in the flow direction downstream from a sharp circular convergence is predicted to dramatically increase with an increase in the ratio of the extension rate to the particle rotary diffusion coefficient. Consequently, the measured permeability of the fluid is predicted to decrease parallel to, and to increase perpendicular to, the flow direction.
The orientation of small rod-like particles, or polymer molecules (1) , is a challenging problem that lies on the frontiers of understanding. For example, a well-defined flow field promotes a distinct orientation, whereas rotary diffusion tends to randomize the particle axis with respect to the laboratory frame. The study of these two processes in mutual interaction is particularly fascinating.
Acicular moieties suspended in a Newtonian fluid not only increase the observed viscosity, but also give rise to thixotropy or shear-thinning (2, 3) and deviatoric normal stresses by virtue of nonrandom ordering imparted by the flow. In particular, the orientation of fibers in some flow fields differs-sometimes to a spectacular degree-from the equilibrium random orientation (4) .
A limited number of methods are available to directly measure such orientation in a weak flow field. Mason and coworkers (5) (6) (7) (8) used a high-speed photographic technique and then turbidity to study the orientation of these systems. Also, Fuller and coworkers (9, 10) developed a means to measure flow orientation by conservative dichroism and then by small-angle light scattering. However, these techniques have a limitation: they can only be used for the magnetic suspension sufficiently transparent to enable transmission of light to a detector. On the other hand, rheological measurements provide, in principle, an indirect measurement of the orientational distribution of these systems. Even though a great deal of published data on viscosity are availThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 4973 able [the measured viscosity becomes time dependent and shows hysteresis (11) ], there exist virtually no reliable measurements on normal stress for these systems. Therefore, indirect measurement of the particle orientation through rheological measurement has not been reported at present.
In this paper, we introduce a method for studying the orientational distribution of the magnetic particle through permeability measurement that is novel and complementary to existing methods. To illustrate the essence of our idea, we start with the following hypothesis.
A Description of the Hypothesis
Consider flow of the acicular magnetic particle suspension into a small tube as depicted in Fig. 1 . Far from the pore entrance, the orientation of the rod-like particles is random because of rotary diffusion. However, near or at the pore mouth the particles (for simplicity, we assume the particle is located at the center line) tend to line up with their axes parallel to the flow direction due to the elongational deformation of the fluid element. Therefore, it is expected that the degree of the orientation will depend on the ratio between the extensional rate and the rotary diffusion contributions to the orientation (this ratio is referred to as the rotary Peclet number, defined in Eq. 29).
In the case of the dilute system, the rotary diffusion is largely determined by the size and shape of the particle, since the rotational motion of the particle is independent of any neighboring rods. However, in the nondilute system, the rotary diffusion is hindered by the neighboring particles due to the steric, hydrodynamic, and magnetic interactions. Therefore, the diffusive contribution in the nondilute system will depend on the volume fraction of the magnetic particles, as well as particle size and shape (1) . The extensional contribution depends only on the volumetric flow rate and the tube diameter.
Since each particle possesses its own magnetic moment, the permeability of the magnetic particle suspension will depend on the orientation of the magnetic particle. This unusual directional magnetic property provides an opportunity to study the orientation of the particles near the pore mouth by measuring the small-amplitude high-frequency inductance of a coil wound around a tube, as indicated in Fig. 1 .
If the length-to-diameter ratio of the coil is sufficiently large, the field in the core is, for the most part, parallel to the flow direction. The inductance L is then related to the coil geometry and permeability (12) by AN2 /rd2 L =4l [1] Here, N is the number of turns in the coil, d is the coil diameter, 1c is the coil length, and A is the overall permeability.
Thus, we can easily measure the permeability by measuring the coil inductance. As shown below, the permeability is related to the orientational distribution function, and as a Proc. NatL Acad. ScL USA 83 (1986) Fluid streamlines 'a the averaging process, giving for the average [4] where M' =M/MS. In the above equation, F is the orientational distribution function of the rigid rod, 0 is the angle of the particle with respect to the applied field, and MS is the saturation magnetization. Combining Eqs. 3 and 4 and by using the symmetry arguments, we obtain
. [5] Eq. 5 implies that t,,(o) depends on the magnetic properties of a single particle through dM'/dH]H,.o and on orientational distribution function, F, which depends on the properties of the suspending fluids and the nature of the flow field. Eq. 5 can be used to obtain information on the orientation of the acicular particle by measuring > (or pL). Here, we examine how permeability is related to the orientation of the magnetic particle. The overall permeability j , of a single-domain acicular magnetic particle suspension in a weak high-frequency applied magnetic field is a linear combination of the contribution of all the components in the space being considered:
(1'=even)
[6b]
Substituting Eq. 6 into Eq. 5 and by using the orthogonality property, we obtain Mm(O) = A.M.0 1 2 Fif,.
(I=even) 21 + 1 [7] Eq. 7 expresses Am in terms of observable quantities, F, and £, and it is more convenient to use than the expression given in Eq. 5. F, contains information on the particle orientation and it will be explained below. in which pg is the permeability of free space, M is the magnetization, and H is the applied magnetic field (13) . The bracket ( ) represents the ensemble average over all orientation of particles. If the orientation of the particle is other than random due to the imposed flow field, this must be taken into account in [8] (Note that F. is defined as 1/2 due to the normalization condition on the probability function.) If the particle orientation is nonrandom, then l 2 2 terms reflects the degree of the orientation. F2 is a commonly used quantity to characterize the measure of the orientation, and it is proportional to the order parameter, S, defined by S (P2(cos6)) = cos2 =2 F2.
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We shall show below how F2 (or S) can be studied from the permeability measurement and Ifs. 4i can be obtained from the experimental data of the single magnetic particle property. In most magnetic particles, 1 [16] [17] p is the aspect ratio-i.e., the length-to-diameter ratio of the single-domain particle. (Note that p is an integer for the chain-of-spheres model.) y is a function of H, and we can easily obtain y in the limit ofH-+Ofrom Eq. 16:
Here, p is the aspect ratio of the particle, a is a diameter of the rod-like particle, kB is the Boltzmann constant, and T is absolute temperature. By recognizing that u * = cosO (note that 8, is the unit vector in the z direction), we obtain S from Eqs. 9 and 13:
84'kBT 2 [14] Here, azz is the normal stress in the flow direction. Remarkably, the magnetic measurement of permeability is related to the rheological measurement of normal stress in the flow direction:
84'kBT Ip Pf(l-)-mu rz rpa3 [ p.Ms4O2 [15] We have used Eqs. 12 and 14 to derive Eq. 15 . S can also be measured by flow birefringence measurements on the flowing dispersion. A simple model calculation given in the next section will provide physical reasonings of this case. The procedure given above can be easily generalized to obtain the higher moments of orientation vectors such as F4. However, it will not be given in this paper.
Example Calculations Based on Elementary Models
So far we have shown how particle orientation can be studied from the measured permeability of a flowing magnetic particle suspension and the magnetic properties of the particle. The most important parameters, f(l, = 0, 2,. . .), which characterize magnetic properties of the particle, can be obtained from experimental data for a single magnetic particle. In this section, we will calculate 4l from the elongated fine- From Eqs. 6a and 19 and by using the orthogonality property, we obtain hydrodynamic theory for a rigid rod. The purpose of this calculation is to show a qualitative picture of S for the case given in Fig. 1 . The calculated value of S can also be used to obtain the theoretical value of u,,, from Eq. 11 and can be compared with the experimental value. To avoid complicated mathematical analysis, we will give a less rigorous but well-known theory for dilute suspension to illustrate the essence of the problem. We impose simplifying assumptions involving a dilute suspension of rigid rods in a homogeneous flow field.
For homogeneous flow of a dilute solution of rigid rods, the rotational motion of the rod is independent of any neighboring rods, and the evolution of the distribution function F(u,t) for rod orientation is described by the theory of Kirkwood and Auer (15) , aF at -DroVu-VuF + VU (iiF).
[22]
Here, Dro is the rotary diffusion coefficient for a suspension of noninteracting rods, Dro = kBT Inpn [23] with q, being the viscosity of the suspending fluid, and V. the gradient operator on the sphere Jul = 1. Here, i is the rate change of u due to the macroscopic fluid velocity (v):
where K = (Vv)t (t indicates transpose) is the velocity gradient tensor.
The first term, right-hand side, of Eq. 22 is interpreted as the diffusive contribution, whereas the second term, righthand side, of Eq. 22 is the convective contribution to the evolution of the distribution function. Eqs. 22 and 24 are formally identical to the orientational diffusion equation for a rigid dumbbell, and the standard procedure for calculating F for a given homogeneous flow field v is available (16) . We shall calculate F for the flow field illustrated in Fig. 1 . Near or at the pore mouth, the local velocity at the center line can be considered an extensional flow, and the velocity gradient tensor can be given as K = SzX -2(6xi + 8SYy)] [25] Note that the elongational rate E along the center line is not constant. E is almost zero far from the pore mouth and increases as it approaches the pore mouth.'In other words, i is a function of z. Therefore, to treat the problem more rigorously, we must develop a theory for the nonhomogeneous flow field.
To account for the strong influence on orientation in the large deformation region near the pore mouth, it is necessary to develop a simple yet physically realistic mode based on the homogeneous flow approximation. This can be done by assigning to the elongational rate in this region an average value given by Using the symmetry argument (F does not depend on 4), we can easily solve (16) 
Summary and Discussion
We have shown that permeability is related to the particle orientation and the magnetic property of individual particles. A simple device complementary to existing methods was proposed to measure the particle orientation. The most important physical quantities are {fe} and {FJ}. We have shown that they can be computed for a simple physical situation. We are in the process of computing these quantities for complicated physical situations such as concentration effects, arbitrary flow, and particle size and shape. The preliminary experimental results show that particle orientation can be studied by using the procedure we have given.
